Whispering-gallery mode temperature microsensors have been demonstrated to have extremely high accuracy. Previous experiments have been limited to indirect sensor heating by externally heating the local environment. In this paper, we coated PDMS films directly onto an electrical resistive wire as sensors, allowing on-chip dynamic temperature measurement. The effects of sensor size are discussed and verified through an expansion of the current theory of WGM resonance shifts to include composite materials. Finally, the WGM sensor's measurements are compared to the same measurements recorded by a thermocouple, demonstrating the great advantages of WGM sensors for on-chip real temperature monitoring.
Introduction
Research into optical whispering-gallery mode (WGM) microsensors has continued to grow over the past decade because of their ability to act as highly accurate and extremely sensitive sensors in a number of different fields. This owes to the small mode volume and high Q-factor of WGM resonators, where the Q-factor is a measure of the resonance quality. Currently, molecular [1] [2] [3] , temperature [4] [5] [6] [7] [8] [9] , pressure [10] , and gas sensors [11] are just some of the active research topics into WGM devices. The WGM sensor consists of nearfield light coupled into a dielectric micro-resonator and is sensitive to both changes in the electromagnetic field within the resonator, and the evanescent field surrounding it. Being that these measurements are generally frequency based, instead of intensity based, the sensitivity of a WGM-based sensor is much higher than its intensity-based counterpart. Molecular sensors have reached capabilities of detecting pico-molar chemical residues [12] , individual RNA viruses [13, 14] , 1 Author to whom any correspondence should be addressed. and temperature sensors have been developed for cryogenic temperatures with a resolution of the order of 10 −3 K [7] . The focus of this paper is to explore the possibility of using WGM sensors for on-chip dynamic temperature measurements. To date, experiments studying WGM-based temperature sensors involve shifting the temperature of a chamber surrounding the WGM working unit. This is very useful for verifying theoretical WGM models as well as determining the sensitivity of WGM devices but provides little information about their ability to be used for direct onchip temperature measurements of components and devices. Here, we have coated WGM film sensors directly onto a heating component. In this way, we can show their innovative sensing capabilities for dynamic temperature measurements of heating/cooling components. diameter) nichrome wire (McMaster) as the working electrical component. This wire is demonstrative of an electronic component to be heated through Joule heating. The WGM sensor consists of a dielectric micro-resonator and the optical coupling device. In our experiment, we used a tapered optical fiber (approximately 0.5 μm in diameter) as the near-field coupling device. The fiber taper was fabricated through the heat and pull method [4, 5, 7] . Any dielectric material may be used to fabricate micro-resonators. Fused silica beads are the most common type of resonator in the literature, but the fusing process involves high temperatures. Should silica be fused onto a nichrome wire, the required temperature would ignite the nichrome because the melting point of silica is much greater than that of the nichrome. On the other hand, polydimethylsiloxane (PDMS) is a liquid at room temperature until it is mixed with a curing agent. For this reason, PDMS was used in this experiment. PDMS was prepared in a 10:1 ratio, mixed thoroughly and then left in a vacuum for degassing. Once fully degassed, the PDMS was coated directly onto a tiny wire to form PDMS WGM annular micro-resonators.
The coated annular micro-resonators have two different geometry types formed around the cylindrical nichrome rod: the first type has a rapidly changing diameter along the wire and is named an ellipsoid shell; the second type has a nearly stable diameter and is referred to as a cylindrical annulus. These two different geometries were the product of different coating techniques. The ellipsoid shells were fabricated by directly placing a small droplet (200-500 μm) of PDMS onto the nichrome wire by using the tip of a fiber optic wire, whereas the cylindrical annuli were created by allowing a large PDMS droplet (>500 μm) to slide down the wire under gravity leaving a thin coating behind it. These two different techniques allowed for the examination of a larger range of resonator diameters. Thinner coatings were more easily fabricated as cylindrical annuli. Figure 2 shows two representative PDMS micro-annuli: cylindrical annuli were fabricated with thicknesses from ∼10 to ∼100 μm (25 μm shown in the figure) and ellipsoid shells were fabricated with outer diameters ranging from ∼200 to ∼500 μm (311 μm shown in the figure). In order to minimize thermal fluctuations due to free airflow [4] , a chamber was constructed to contain the working unit. The chamber was created using a one-inch copper pipe coupling with four thin slits milled into it allowing for the fiber taper and nichrome wire to be put into place. The outside of the chamber was wrapped with a second nichrome wire for external heating calibrations, and covered with thermal paste (Omega omegatherm '201'), before being surrounded with fiberglass insulation. The chamber was attached to another copper slab using thermal paste on the bottom, and a lid composed of both PDMS and fiberglass insulation was built for the top. The chamber is then raised into place around the tapered fiber, and the wire with PDMS coating is clamped perpendicular to the tapered fiber. Coupling between the taper and PDMS resonator is achieved through contact and a single polarization of light was used throughout all experiments. In addition, a thermocouple (Omega T-type 40 gauge, 79.9 μm diameter bead) is also held inside the chamber by a clamp. This thermocouple is positioned 1-3 mm away from the junction of PDMS film and the fiber taper, and as close to contact with the nichrome wire as could be achieved. A schematic of the coupling structure can be seen in the inset of figure 1.
Data acquisition is done using a digital oscilloscope (Picoscope 3206 B). A 1516 nm distributed feedback laser (NEL NLK1556STG) is injected into one end of the fiber taper. Through a function generator (Agilent 33220A) and a laser controller (lightwave LCD-3724 B), the light entering the taper follows a saw-tooth ramping with controllable amplitude and frequency. The other end of the fiber taper is directed toward a photo detector (Thorlabs PDA400). The Picoscope has two input channels, A and B, as well as an external trigger input. The trigger output from the function generator is plugged into the external trigger of the oscilloscope, the photo detector is plugged into channel A, and the signal from the thermocouple is amplified using a thermocouple amplifier (Omega Omni Amp IIB), before it is plugged into channel B. Using the Picoscope, both signals can be acquired simultaneously. The laser is set to ramp with a frequency of 100 Hz and a tuning range of 0.9 nm. Ten individual waveforms are collected with every acquisition. This frequency is fast enough to allow us to collect all waveforms in less than half a second, ensuring a stable temperature during the readings, while also being slow enough to allow the Picoscope to be set to sample at a rate of two million samples per waveform. Calibrations of these waveforms were done using an optical spectrum analyzer (ANDO Electronics AQ6317B), and this technique has been discussed in previous work from the authors' group [7] .
Results and discussion
Before conducting the direct wire heating experiment, a calibration was performed on the PDMS sensors to determine their sensitivity. The calibration was conducted by slowly heating the chamber externally, without internal Joule heating. The chamber was heated to 10
• C above room temperature at a rate of between 3 and 5 min per degree. This slow heating process was used so that the thermocouple and the WGM resonator are in thermal equilibrium. Data from the thermocouple and PDMS resonator were collected every minute throughout the heating process.
An examination of the time scales involved in this experiment verifies that our system will be in thermal equilibrium during data acquisition. The Biot number of our WGM sensors and thermocouple determines if we can treat the temperature measurement sensors as having a uniform temperature. The Biot is defined as Bi = hL c k , where L c is the characteristic length defined as the sensor head volume over its wetted surface area, k is the thermal conductivity, and h is the convection heat transfer coefficient, the value of this is discussed later in this paper. Due to the micrometer-order size of both the PDMS coating thickness and the thermocouple bead, Bi 1, we can treat the PDMS WGM sensor and the thermocouple as having a uniform temperature throughout.
The thermal response time constant of the composite system to external heating is
where C p , D, and ρ are specific heat, diameter, and density, respectively; subscripts 1 and 2 are the nichrome wire and PDMS coating, respectively. For a 300 μm diameter PDMS coating on the nichrome wire τ 1 is 2.73 s; and thus, a time gap of 1 min in data acquisition is long enough for the composite system to reach thermal equilibrium. The time constant for the thermocouples (Omega) is specified as 0.15 s. Dong et al [6] discusses the time scales of both thermal optical effects (microseconds) and thermal expansion effects (tens of milliseconds) of PDMS. These time scales are also theorized by Schmidt et al [15] . To understand the thermal expansion time scale involved in our PDMS resonator, a thermal diffusion model as
can be adopted. For a 300 μm diameter PDMS annulus, this time constant is just 0.03 s. This indicates that the response time of our PDMS sensors is less than 0.1 s and the sensors are fast enough to record the transient temperature variation in our later experiments.
Multiple tests were performed to verify that the thermocouple and WGM resonator are in thermal equilibrium with each other during the prescribed external heating. In these tests, multiple thermocouples were placed at the center of the chamber separated by distances of a few millimeters to a centimeter. The chamber temperature was slowly increased, as described above. The stability of the temperature inside the chamber was determined by the thermocouples. During external heating, thermocouples within 1 cm of each other were in thermal equilibrium through the first 10
• C of heating. Figure 3 shows the relationship between the temperature change and the shift in resonance wavelength of six different diameter resonators, two cylindrical annuli and four ellipsoid shells (tests were done sequentially). The resonator diameters were determined using a calibrated microscope. Resonance wavelengths manifest as dips in the ramping signal received by the photo detector. These dips are caused because, at resonance, light enters the PDMS resonator and does not reach the photo detector. It should be noted that the light energy of the WGM was low enough to cause no significant heating of the resonator. In all cases, a strong linear correlation is found. It is also seen that the resonator sensitivity depends strongly on the diameter the sensor is fabricated with, a phenomena we will address shortly. For the small resonator, a negative relationship exists (blue shifts); however, as the diameter increases this relationship becomes positive (red shifts). Table 1 shows the values of the sensitivities found for these six resonators as well as the linear correlation coefficients (>0.998). It demonstrates that the change in sensitivity is asymptotic. In the positive sensitivity region, the sensitivity increases as the resonator size increases. However, it is noticed that the absolute sensitivity at 172 μm diameter is larger than that at 194 μm. As discussed earlier, cylindrical annuli could be more easily fabricated as thinner resonators. Additionally, cylindrical annuli have a more stable diameter along their length meaning that if the coupling point between the resonator and taper shifted, the effect on sensitivity would be small, whereas the same shift occurring between an ellipsoid shell and the tapered fiber would result in a dramatic change in sensitivity owing to the rapidly changing diameter of the shell.
To understand the diameter-dependent sensitivity, we examine the fundamental theory used to explain the resonance shifts in a WGM sensor, described by the following equation [4] [5] [6] [7] : where n is refractive index of resonator material, D is resonator diameter, λ 0 is the laser wavelength (1516 nm), T is the temperature, α is the thermal optical coefficient, and β is the thermal expansion coefficient. For sensors made of a pure material in the past [4, 7] , both α and β are nearly independent of the resonator diameter. For composite WGM sensors, however, β in equation (2) is an effective value of both the core and coating materials, and thus, it is dependent on the diameter and coating thickness. The phenomenon of diameter dependence of sensitivity was also discovered in the past for composite sensors by He et al [5] and Li et al [8] when studying silica toroids with thin PDMS coatings (thickness is comparable to laser wavelength). In both cases, this phenomenon was explained via changes in sensitivity by using an effective index of refraction for the system based on the energy fractions of the resonating light found in each layer. It should also be noted that Dong et al [6] demonstrated blue shifts and red shifts in pure PDMS beads based on isolating the thermal optical effects from the thermal expansion by using a rapid heating inside the resonator. He et al [5] also showed that different resonate modes can have different energy fractions within the same layer causing both blue and red shifts to occur in different peaks in the same spectrum.
In the current case, however, the concept of effective refractive index is not applicable because our inner core is a conductor, as such, no resonance will occur inside the core. Furthermore, the coated PDMS layer is thick in our cases, one order of magnitude greater than the laser wavelength. Further, Li et al also demonstrated that with a coating thickness of only a few microns almost 100% of the resonance energy is contained inside the coating.
In order to explain the diameter dependence of sensitivity of our composite sensors, let us adopt a similar relationship Tummala and Friedberg [16] investigated for thermal expansion in a spherical composite system as follows:
where E represents the Young's modulus, ν represents the Poisson ratio, and V 1 is the volume fraction of the nichrome within the PDMS coating. These properties can be found in table 2 along with others. This volume fraction is very important for understanding the asymptotic behavior of the sensitivity; as the PDMS thickness increases V 1 tends to zero and β eff = β 2 . The thermal optical coefficient for PDMS ranges from −1.5 to −6.0 × 10
. The negative value of the thermal optical coefficient explains why we see both the positive and negative slopes shown in figure 2. Since α is negative and equation (3) shows that β eff is positive, we can determine from equations (2) and (3) that depending on the value of β eff our sensitivity can vary between a positive and negative value. On average, the resonators used in this study had a thermal optical coefficient of (−2.855 ± 0.208) × 10
. This value was computed using equation (2) with the experimental sensitivity and the effective coefficient of thermal expansion determined from equation (3) . Figure 4 plots the data collected during experiments against the theoretical sensitivities based on the use of equations (2) and (3). The plot includes the sensitivity based on the average thermal optical coefficient of PDMS and the upper and lower bounds are found using the uncertainty in the thermal optical coefficient. It is seen that the measured dependence of diameter is consistent with the trend in theoretical analysis; both asymptotic behavior of sensitivity and the shift between negative and positive sensitivities are verified. This figure demonstrates that the influence of the resonator diameter dominates, rather than the thermal optical coefficient in this composite sensor system, and equations (2) and (3) establish a proper relationship between diameter and sensitivity. It is worth mentioning that the thermal optical coefficient of PDMS may vary during the fabrication of different batches of PDMS. This variation can be attributed to the amount of cross linking occurring inside the polymer, which can depend on both the mixing ratio and temperature used while curing the PDMS [17] which may vary slightly between each batch, and this is why not all data points in figure 4 are located within the theoretical prediction range. Another possible explanation is that equation (3) was originally proposed for the spherical composite system, but we used it in cylindrical and ellipsoid systems since we could not find better expression in the literature.
After calibrating the sensor and investigating the influence of diameter, we proceed to conduct the experiment involving internal Joule heating of the wire with temperature measured by the coated PDMS resonators. A low electrical current, 0.03-0.05 amps, is used to keep the wire temperature from exceeding the bounds of the calibration. Data are collected as quickly as possible; the limiting factor is recording the data to the computer's hard drive, which normally takes around 2 s to save 10 waveforms at a sampling rate of 2 million samples per waveform; this time resolution is much greater than both the WGM sensor and thermocouple response times discussed earlier; and thus ensures the accurate capturing of the transient feature. Figures 5(a) and (b) show the heating and corresponding cooling curves based on three different current values (0.03 A, 0.04 A, and 0.05 A respectively). For the cooling curves, we just shut down the current from the wire and allow the system to cool down naturally. Figure 5 illustrates that when compared, the thermocouple and WGM sensor give different temperatures. As the current in the wire increases, this temperature difference increases. For example, at a current of 0.03 A a difference of 0.8
• C is seen at a steady state, while at a current of 0.05 A the difference reaches 2.15
• C. In all cases, it is the WGM sensor that shows the higher measured temperature. In order to examine which sensor is more accurate, we investigate the theoretical temperature variation in the wire. A transient heat transfer analysis in the heated wire will lead to the following equation:
in which, I is the current in the nichrome, σ e is the electrical resistivity of the nichrome wire, calculated as (1.2667 ± 0.105) × 10
m, T ∞ is the temperature of the ambient air, and T is the temperature of the nichrome-PDMS composite. During heating, the wire is assumed to have an initial temperature equal to the ambient air and during cooling the initial temperature is the same as the steady-state temperature reached in figure 5(a) . In order to properly determine the theoretical temperature variation, we need to determine the heat transfer coefficient, h.
Churchill and Chu's correlation for natural convection in horizontal cylinders is the following [18] :
where Pr is the Prandtl number of air, Nu D is the Nusselt number, and Ra D is the Rayleigh number, Ra D = gβD 3 2 ηγ (T max − T ∞ ) in which g represents the gravity, γ and η are the thermal diffusivity and kinematic viscosity of air, respectively. Through an iterative process of equation (5), the theoretical heat transfer coefficient can be determined and then used with equation (4) to determine the dynamic temperature of the heating/cooling wire. The solid lines in figures 5(a) and (b) are such theoretical predictions. It is seen that the measurements by the WGM sensor match the theoretical temperatures much closer than the thermocouple measurements do.
To ensure that the difference in readings of the WGM sensor and thermocouple was not a result of temperature variation along the wire because they are placed at different locations as discussed earlier, a theoretical analysis was done examining the steady state temperature of the nichrome wire under varying coating thicknesses, at the three currents used in our experiments. Figure 6 shows the results of this analysis. The left-most point of each current value represents the temperature of an uncoated wire, the dotted line represents the nichrome/PDMS interface and the solid lines represent the PDMS/air interface. The results show that as the coating thickness increases the difference between the coated and uncoated wire increases, but these differences are much smaller that those seen in figure 5 . In addition, we see that the theoretical temperature of the bare wire (or thin-coated wire) is always higher than that of the coated wire (or thick-coated wire). Since the thermocouple in our experiments was always placed at a point of either bare wire or coated wire not thicker than where the PDMS resonator was coupled to the optical taper, the temperature in the thermocouple position was supposed to be higher, but the actual readings in the thermocouple are lower than those of the PDMS sensors, further indicating that the thermocouple is not accurately measuring the wire temperature. Moreover, the WGM measurements in figure 6 match excellently with the theoretical values.
In steady state, energy generated through Joule heating must be equal to the energy lost due to free convection. Using the steady-state temperature reached, T max , we can compute the measured heat transfer coefficient as follows: The temperature resolution of the WGM sensor can be described as [4] T min = λ min dλ/dT (7) where λ min is the minimum change in wavelength. λ min should be taken as the largest value among the scanning laser linewidth (1.56 × 10 −5 nm), the resolution of the data acquisition system defined as ( λ) f s /S where λ is the tuning range (0.9 nm), f s is the tuning frequency (100 Hz), and S is the sampling rate (200 MHz), resulting in a value of 4.5 × 10 −7 nm, or one-tenth of the WGM resonance linewidth, λ/(10Q) where λ is the laser wavelength (1516 nm) and Q is the resonator quality factor, in our experiments this value ranged from 10 5 to 10 6 , thus giving us an estimated temperature resolution between 0.01 and 0.001 K depending on the Q. In the literature, quality factors for materials other than PDMS have been demonstrated as greater than 10 10 (fused silica) [19] and ∼10 11 for calcium fluoride [20] .
Conclusions
The results of this study show a clear advantage in the WGM sensor versus a thermocouple for dynamic on-chip temperature measurements. As components get smaller it becomes increasingly difficult to ensure that there is good contact between the component and the thermocouple. In addition, as the thermocouple bead becomes large compared to the component, more of it will be exposed to ambient air or nearby component surfaces. In these cases, thermocouple readings become very unreliable, but the coated WGM sensor provides an attractive alternative. We have shown that the measurements taken by a calibrated WGM sensor are accurate, when compared with theoretical predictions, in both the transient and steady state. When these WGM sensors are coated onto a device, they can no longer be treated as pure materials, but instead need to be examined as composites; as a result, effective thermal optical and thermal expansion coefficients need to be considered. We found that the effective thermal expansion can be more important than effective thermal optical coefficient in certain systems. We have demonstrated that PDMS-based WGM sensors can be easily fabricated directly onto an area of interest to create micro-resonators. Both ellipsoid shells and cylindrical annulus are equally effective as resonators, but due to the rapidly changing diameter of the ellipsoid, the WGM sensitivity can be greatly influenced by the coupling location of resonator, whereas the stable diameter of the cylindrical annulus reduces the influence of the coupling location, making it the more attractive sensor choice. We have also demonstrated that these sensors can have high resolution.
